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hydrogen bonds. Recognition of multiple forms of the same sequence by duplex DNA in the fiament shows that it primarily senses base-sequence homology, and suggests that recognition can be accomplished prior to the establishment ofnew WatsonCrick base pairs in heteroduplex products. However, unlike the initial recognition of homology, strand exchange is stereospecific, requiring the proper antiparallel orientation of complementary strands.
Homologous genetic recombination is a reaction of broken DNA molecules: breaks are repaired by aligning complementary bases to restore precisely the integrity of the original DNA sequence. There appear to be two paradigms by which such repair occurs (1) . The simpler paradigm involves the splicing of overlapping sequences, in which case rejoining results directly from the renaturation of two complementary single-stranded ends. A second paradigm, revealed by the action of RecA protein, is more complicated, since homology is recognized not by the pairing of two single strands but rather by the pairing of a single strand with a fully duplex homolog. Recent research has supported the hypothesis that both the recognition of homology and the strand exchange that follows are mediated by triple-helical intermediates (1) (2) (3) (4) (5) (6) (7) . RecA protein creates such triplex intermediates from nonspecialized sequences, viz., sequences other than homopurine-homopyrimidine tracts, which create a different kind of triplex DNA (8) (9) (10) (11) . The structure of the triplex intermediate that is produced by RecA protein, which is under active investigation, is not known (1, 12, 13) .
The starting point for the basic reactions of RecA protein is the right-handed helical nucleoprotein filament that it makes on single-stranded DNA (14, 15) . Such a filament will pair with naked complementary single strands or with naked
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. duplex DNA. In the former case, pairing produces heteroduplex DNA that remains in the filament; in the latter case, pairing leads to strand exchange, which leaves heteroduplex DNA in the filament and produces a displaced single strand that is identical in sequence to the (+)-strand contained in the filament (16, 17) . Whereas the ultimate formation of stable heteroduplex joints in homologous recombination is indisputably based on Watson-Crick base pairing, the process of recognition and the structure ofthe intermediates are not well understood. In the experiments described below, we used oligonucleotides to examine the determinants of homologous recognition within RecA nucleoprotein filaments.
METHODS
Materials. RecA protein was purified as described (18) . Polynucleotide kinase was from New England Biolabs and proteinase K was from Boehringer Mannheim.
DNA Substrates. Circular single-stranded DNA (ssDNA) of phage M13 was prepared as described (19, 20) . Singlestranded oligonucleotides were synthesized, end-labeled, and purified as described (ref. 1 ; see Table 1 and Fig. 1 ). Standard reaction conditions and assays are described in legends.
RESULTS
Polymorphic Recognition. Circular ssDNA [designated as (+)-strands by convention], which had been coated with stoichiometric levels of RecA protein in the presence ofATP, an ATP-regenerating system, 1 mM Mg2+, and buffer, was incubated in the presence of 15 mM Mg2+ with the standard set of 5'-32P-labeled 33-mer oligodeoxynucleotide substrates (Table 1 and Fig. 1 ).
To block nonspecific interactions of labeled homologous oligonucleotides with the nucleoprotein filament, we added excess unlabeled heterologous oligonucleotide at 10 times the nucleotide concentration of DNA in the filament. The size of the homologous target in the filament was only 1/200th of the M13 ssDNA genome and the labeled homologous oligonucleotides that were paired with that site were in only 2-fold molar excess to that site. To detect complexes of the labeled oligonucleotide with the nucleoprotein filament, we used Ultrafree-MC cellulose filters (Millipore). When samples were centrifuged through these filters at room temperature, oligonucleotide bound to the nucleoprotein filament was captured on the membrane, whereas free 33-mer oligonucleotides were not (1) .
The RecA nucleoprotein filament containing a (+)-strand of DNA recognized not only a complementary (-)-strand oligonucleotide but also a homologous (+)-strand oligonucleotide, whether their respective sugar-phosphate backbones were antiparallel or parallel ( Fig. 2 A and B) . The low retention of a heterologous oligonucleotide (oligonucleotide V, Table 1) indicated that recognition was dependent on sequence homology (Fig. 2A) . Sequence ( (21) . IV and V are heterologous sequences. Complementary sites in M13 were sought I-V by using the DNANALYZE program (30) . x%o homology represents the minimum level of Watson-Crick base-pair matches that were demanded to score any site in the M13 (+)-strand as a complementary site.
In other experiments, we observed a higher background of nonspecifi'c retention of oligonucleotides, either when the circular ssDNA was heterologous or when 100-fold excesses of each homologous oligonucleotide were used to reduce the specific activity (Fig. 3A) . However Other controls showed that RecA protein and ATP were required for homology-specific retention of all oligonucleotides (Fig. 3A) . Although homology-specific recognition of all four oligonucleotides occurred, only those complexes formed between two antiparallel complementary strands survived deproteinization with SDS and proteinase K (Fig. 3A) .
Self-RecognItion. The homology-specific retention of the identical (+)-strand oligonucleotide was confirmed with sequences derived from two other loci in the M13 genome: 0.62 mol of oligonucleotide II and 0.6 mol of oligonucleotide III (see Table 1 Six separate pairing reactions were done with 32P-labeled oligonucleotides: one with each of the four homologous oligonucleotides (Fig. 1B) , one with heterologous V (Table 1) , and one with a duplex made by annealing (+)-strand I with its complement. e, (+) sequence (Fig. 1) ; o, (-) sequence; A, (+)R sequence; A, (-)R sequence; U, duplex oligonucleotide described above; ro, heterologous oligonucleotide IV. Fig. 1 ). The imbedded homologous 33-mer sequence was incubated with the standard set of 33-mers (Fig. 1) (Fig. 1) and proteinase K (200 yg/ml) and incubated at 37°C for an additional 20 min. The samples were analyzed by electrophoresis in a polyacrylamide gel under nondenaturing conditions in a cold room (5% polyacrylamide in spacer gel; 15% polyacrylamide in the bottom gel; 89 mM Tris borate, pH 7.8/2 mM EDTA as buffer; 48 cm x 20 cm x 0.1 cm; 600 V and 150 mA; 18 hr), followed by autoradiography. The -and + standards were 33-mer single-stranded oligonucleotides of (-) and (+) sequence, respectively; the duplex standard was a 33-bp annealed product between + and -standards.
neous coating of the 33-mer by RecA protein, we coated the 83-mer first with an amount of RecA protein that was not in excess, and we used adenosine 5'-[thio]triphosphate as the nucleotide cofactor.
Both a filter assay and gel electrophoresis, neither of which involved prior deproteinization, showed that the RecA nucleoprotein filament recognized all four homologous oligonucleotides (Fig. 4) . By both assays, after correction for background, the molar ratios of oligonucleotide incorporated per nucleoprotein filament ranged from 0.6 to 1.0 for the four homologous oligonucleotides. Once again, the apparently stoichiometric association of homologous oligonucleotides with the filament supports the conclusion that specific homologous complexes were formed (see Polymorphic Recognition above).
Recognition of Homology in Triplexes Is Polymorphic. Although a kinetic barrier favors the binding of RecA protein to single-stranded vs. double-stranded DNA (22) , the protein readily forms a filament on duplex DNA that contains a single-stranded tail or gap, and such filaments are active in homologous pairing and strand exchange (19, 23, 24) . In the same way as described above for the filament containing ssDNA, we used the filament containing duplex DNA at a single homologous site to investigate the steric requirements for homologous recognition when three strands of DNA are involved.
The tract of duplex DNA was made either by RecAmediated pairing or by thermal annealing of M13 circular (+)-strand DNA with the 33-mer (-)-strand oligonucleotide from the standard set [ Fig. 1 (ii) ]. M13 circular DNA with preannealed oligonucleotide was separated from free 33-mer by filtration through Sepharose 2B (1) . To monitor the annealing as well as purification, we mixed the 33-mer (-)-strand oligonucleotide with about 50,000 cpm of 5'-labeled oligonucleotide of the same sequence, which did not interfere with the subsequent assays involving oligonucleotides of higher specific activity.
Observations on recognition of homology by the doublestranded DNA in the RecA filament closely paralleled those described above for the filament containing a single strand of DNA (Fig. 2 C and D; Fig. 3B (Fig. 5) . At the end of the reaction, a large fraction of the labeled 33-mer complementary strand originally present at the double-stranded site in the RecA filament was recovered in deproteinized samples as duplex 33-mer oligonucleotide product. In the other three reactions of single-stranded oligonucleotides, although recognition was efficient (Fig. 2 C and D; Fig. 3B ), the labeled 33-mer oligonucleotide in the filament was not displaced and no new products were recovered (Fig. 5) . Little or no recognition was detectable when the oligonucleotide was duplex [ Fig. 1B (5)] (Fig. 2D) (25) (26) (27) (28) (29) , and a recent paper has described the self-pairing at acid pH of oligomers containing repeats of 5'-CGAT-3' (29).
What do self-recognition and the recognition of inverted sequences [those designated (+)R and (-)R above] by the RecA filament containing a single strand of DNA have to do with the recognition of homology? Perhaps nothing. On the other hand, the bonds that mediate self-recognition in the single-stranded filament might be a subset of those that mediate recognition when three strands are involved. Moreover, an identical set of observations showed that the RecA filament containing a homologous duplex segment recognized the same set of oligonucleotides as the filament containing a single strand, which indicates that the surprising versatility of homologous recognition is preserved when three strands are aligned. Together, the two sets of data (Fig. 2 A vs. C, Fig.  2 B vs. D, and Fig. 3 A vs. B) suggest that the filament primarily senses base-sequence homology rather than other structural elements such as Watson-Crick complementarity or the directionality of the backbones of aligned chains. The versatility of homologous recognition when three strands are involved further supports the view that a triplex intermediate mediates recognition and strand exchange.
Only the interaction of two complementary strands in antiparallel orientation, the classical Watson-Crick type, survived the removal of RecA protein by SDS and proteinase K. One of the hallmarks of the right-handed nucleoprotein filament that is formed by RecA protein and single-or double-stranded DNA in the presence ofATP is the extended axial rise per base pair, 5.1 A, which is 1.5 times greater than that of the B-form double helix (14, 15) . It is presumably this architecture that supports the interactions that are not seen between free DNA molecules in solution. The versatility of homologous recognition as seen in these experiments may represent a rapid but imperfect screening mechanism that is edited at the next step by the greater specificity of strand exchange.
